Controlled self-assembly of nanoparticles into ordered structures is a major step in fabricating nanotechnology based devices. Here, we report on the self-assembly of high quality superlattices of nanoparticles in aqueous suspensions induced via interpolymer complexation. Using small angle X-ray scattering, we demonstrate that the NPs crystallize into superlattices of FCC symmetry, initially driven by hydrogen bonding and subsequently by van der Waals forces between the complexed coronas of hydrogenbonded polymers. We show that the lattice constant and crystal quality can be tuned by polymer concentration, suspension pH and the length of polymer chains. Interpolymer complexation to assemble nanoparticles is scalable, inexpensive, versatile and general. 
Introduction
Assembling nanoparticles into ordered structures is essential for applications in photonics, magnetic storage, spintronics, and other applications. [1] [2] [3] Thus, self-assembly of nanoparticles into ordered lattices (superlattices), where large scale ordered structures can be realized, has been the focus of research across multiple disciplines. 2, 4 Specifically, self-assembly of metallic nanoparticles and quantum dots have been explored to obtain tunable optical properties.
5,6
A few approaches to achieving ordered structures have been developed including, solvent evaporation, 1 DNA base-pairing, 7 biphasic-separation of water soluble polymers, 8, 9 and covalent crosslinking with small molecules. 10 Among these, two of the illustrative approaches for 3D assembly of nanoparticles into superlattices are 1) solvent evaporation induced assembly and 2) DNA-mediated assembly. Both methods have led to the formation of exquisite superlattices by engineering the core sizes, shapes and ligand structure. [11] [12] [13] [14] While solvent evaporation based assembly is driven mainly by ligand-entropy and van der Waals forces (vdW), 14, 15 DNA-mediated assembly is driven by maximizing Watson-Crick base-pairing.
7
Various water soluble polymers (charged or neutral) are commonly used as nanoparticle stabilizers and surface modifiers that enable tunable interactions. 16 Recently, we have shown that poly(ethylene glycol) functionalized gold nanoparticles (AuNP-PEG) dispersed in aqueous solutions can be assembled into 2D and 3D superlattices by controlling ionic strength. 8, 9 Extending this approach to tune the interactions among the functionalized NPs for pharmaceutical applications.
18
It has been long recognized that IPCs show recognition properties similar to DNA strands. 19 There is a very large family of polymers that can form IPCs, but whether they can be used for nanoparticle superlattice engineering remains an outstanding question. Despite some efforts to leverage IPCs to assemble nanoparticles, 20,21 as per our knowledge, no examples of long-range structures have been reported. Here, we show that AuNP-PEG in the presence of poly(acrylic acid) (PAA) self-assembles into 3D superlattices (the concept is depicted in Fig. 1 ). We conduct small angle X-ray scattering (SAXS) and systematically vary the PEG chain length and nanoparticle core size. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ether thiol with M n of ∼ 5000 Da (PEG5000) was purchased from CreativePEGWorks Inc.
Synthesis of assemblies
Gold nanoparticles were functionalized with mPEG-SH using the ligand exchange method. Gold nanoparticles were mixed with aqueous solutions of mPEG-SH such that molar ratio of nanoparticles to mPEG-SH is 1:25000 and the mixture was incubated in dark under rotoshaking for ∼ 48 hours. Unbound mPEG-SH was separated by dialysis against water for 48 hours using Slide-a-lyzer dialyser cassettes (10000 MWCO).
To 0.98 ml of the functionalized nanoparticles, 10 µL of PAA at appropriate concentrations 
Results and Discussions
We find that nanoparticle assemblies are formed by the addition of PAA and HCl to the SAXS characterization of the assemblies shows the emergence of crystalline structure in the assemblies that can be tuned by the length of the PEG chains. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   x10   x5 2mM PAA2k, 1mM HCl and longer PEG (PEG5000) for which the position of the primary peak (q 0 ) decreases with the length of the PEG chains as shown in Figure 2(b-d) . Further, the quality of the crystal is found to depend on the concentration of PAA and HCl in the suspension. Table 1 shows characteristic length scales of unit cells under close to optimal crystallization conditions. A full list of conditions explored and the obtained results are presented in Table S2 and Table   6 Page 6 of 17
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 S3. All structure factors for PEG-AuNPs assemblies shown in Figure 2 display Bragg-like reflection peaks indicating 3D superlattice formation. By increasing PEG length alone under otherwise identical PAA and HCl concentrations, the resulting superlattice diffraction profiles become more well defined and can be clearly indexed as FCC under favorable conditions (see Fig2.(b) and (c) ). In all the cases, the relative peak positions are consistent with FCC structure, although in some cases they are not very well defined indicating poor crystallinity, possibly due to stacking faults. For 10 nm nominal AuNPs the center-to-center inter-particle distance ranges from ∼ 15 nm to ∼ 27 nm with different PEG chain lengths. 
where, ξ = 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 contrast, in DNA-mediated assembly where the structure is stabilized by hydrogen bonds, the NN distances are found to be linearly dependent on the DNA length.
25,26
Figure 3 shows SAXS extracted dimensionless NN-distances versus dimensionless PEG contour-length and the theoretical OTM/OPM curve (Eq. (1)) with no fitting parameters.
The τ = 1+λ line refers to the NN-distance assuming the PEG chains are fully stretched and there is no overlap of PEG coronas, and hence is the maximum distance between NPs. The close match between the experimentally observed and the predictions from the OTM/OPM suggests that the formation of PAA-PEG IPCs hampers the ability of water molecules to form hydrogen bonds with either polymer, leading to a relatively dry superlattice that is stabilized by vdW forces, just as it is the case for polystyrene and hydrocarbon capped nanocrystals obtained from solvent evaporation. 14, 23 In Fig. 3 , data from assemblies obtained by solvent evaporation in polystyrene functionalized gold nanoparticles 14 also follow the OTM/OPM curve. 23 This, combined with the need for low pH for the formation of assemblies, indicate that the assembly is initially driven by hydrogen bonds, and as the aggregates become solvent free, vdW forces establish a close to optimal packing FCC structure. Our results contrast with those of DNA mediated assemblies, where NN distance is much larger than that predicted by OPM (blue line in Fig. 3 , obtained from Hill et al. 25 ) as it is known that the superlattice is swollen with more than 90% interstitial water.
12
Our results show that the formation of ordered assemblies depends on all the tested pa- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
AuNP10-PEG800 AuNP10-PEG2000 AuNP10-PEG5000 AuNP5-PEG2000 ; L is the contour length of the PEG chain). We plot the result of the OTM/OPM model (Eq. 1) to show that our data agrees without the use of any fitting parameters. Solid black line refers to the maximum possible distance between the nanoparticles. Red, green, magenta and turquoise circles are the experimentally obtained points for AuNP10-PEG800, AuNP10-PEG2000, AuNP10-PEG5000, and AuNP5-PEG2000 respectively. The black dashed line is the prediction from OTM/OPM. The blue dashed line is the variation of NN distance with the DNA linker length in DNA-mediated assemblies, obtained by using equation (2) provided in reference. 25 The orange xs refer to the data points obtained from reference 14 for the solvent evaporation system with poly(styrene) functionalized AuNPs. The figure implies that the formation of PAA-PEG hydrogen bonds leads to a dehydration of the superlattice and its subsequent stabilization by vdW forces. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 versus grafted PEG on NPs with PAA) there are some notable differences. For PAA/PEG IPCs in bulk, at a fixed monomer concentration and PAA length, there is a minimum molecular weight of ∼ 6000Da of PEG required to form IPCs. 17, 30 This dependence on molecular weight has been attributed to the higher loss of translational entropy for the shorter polymers and the co-operative behavior of hydrogen bond formation in the complexes. 31, 32 In contrast, we find that assemblies are formed even with 800 Da AuNP-PEG. Although not forming superlattices, even shorter (3 or 6-mer) AuNP-oligoEG show pH-responsive assembly in the presence of PAA. 21 Further, an excess of PAA (in base-moles) is required for the formation of NP assembly (Table.S4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 13 of 17
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